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Dimethyl etherAbstract Catalytic dehydration of methanol to dimethyl ether (DME) was investigated using
physically and chemically modiﬁed H-Mordenite and H-Beta zeolites as catalysts. Physical modiﬁ-
cation was carried out using ultrasonic wave’s energy, while chemical modiﬁcation was performed
through impregnation in aluminum nitrate followed by calcination. The produced solid catalysts
were evaluated as selective catalysts for the dehydration of methanol to dimethyl ether at
100–250 C performed at three different contact times. Chemical and structural characterizations
of the solid catalysts were identiﬁed using XRD, FT-IR, TEM, SEM and NH3-TPD.
Ultrasonication physical mixing of solids proved as useful tool of preparation, producing ﬁne
reordered crystals of nanocomposite zeolites with novel morphology. The newly ordered crystals
were distinguished by their frame work structure, acidic properties, crystal and particle sizes, unit
cell volume, pore opening, and favorable catalytic activity of 100% selectivity to DME at 200 C
for all contact times studied. The effects of Al2O3 on the dispersion and interaction within the
nano-zeolite crystals and hence on the catalytic dehydration of methanol were veriﬁed as the major
inﬂuence toward utmost selectivity.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The need for clean and efﬁcient fuel alternatives has attracted a
global attention in recent years. Great deals of efforts have
been exerted to explore fuels from alternative raw materials,
e.g., natural gas and biomass materials [1]. The production
of the synthetic transportation fuels, principally, dimethyl
290 S.M. Solyman et al.ether and fuels from coal and natural gas were commercialized
[2]. Dimethyl ether (DME) is a colorless, nontoxic, noncorro-
sive, and healthy safe characterized by a boiling point of
25 C; hence, it is usually handled as liquid in pressurized
tanks at 6.1 atm. resembling liqueﬁed petroleum gas (LPG)
[3–13], in addition to its importance in the production of
dimethyl sulfate, methyl acetate, high-value oxygenated com-
pounds, modiﬁed gasoline and petrochemicals. DME is pro-
duced from natural gas, coal and agriculture residues [11,14–
18]. DME has been identiﬁed to be produced by two processes:
the ﬁrst one is a direct method from synthesis gas (CO +H2),
while the second is an indirect method through the catalytic
dehydration of methanol over a solid acidic catalyst [10,19–
22].
Different types of solid-acid catalysts such as gamma-
Al2O3, zeolites and modiﬁed alumina, have been used as
for their catalytic activity toward several transformation reac-
tions [17,23–26]. The effects of physical mixing and synthe-
sized composites of different zeolites are reported as
suitable for methanol dehydration to DME. Mixing of two
acidic zeolites was elucidated as responsible for the decrease
in the strong acidic site number on the expense of increase
in the number of acid sites having intermediate acidity
[3,4,27]. A series of H-ZSM-5 zeolites modiﬁed by various
amounts of metal oxides, effectively inhibiting the formation
of unwanted side products in the synthesis of DME from syn-
gas over the admixed catalyst of CuO–ZnO–Al2O3 was
reported [14–29]. It has been reported that the selectivity to
DME is signiﬁcantly observed when the hybrid catalyst with
the Sb2O3 modiﬁed HZSM-5 as methanol dehydration com-
ponent is used.
The effect of mechanical stress of ultrasonic waves on the
physical properties and the catalytic activity of H-Mordenite
and H-Beta in methanol dehydration to DME were studied
in our previous work [30]. In the present work, the effect of
ultrasonication on the performance of the mixture of parent
H-Beta and parent H-Mordenite nanozeolites was studied at
two ratios toward the conversion% of methanol and the
yield% of DME. Also, the effect of chemical modiﬁcation with
aluminum oxide on the performance of these nanozeolites
toward the same reaction was examined. Chemical and struc-
tural characterization of the catalyst samples was elucidated
to support the catalytic conversion results.
2. Experimental
2.1. Catalyst modiﬁcation and characterization
2.1.1. Physical modiﬁcation by mixing via ultrasonication
Parent H-Mordenite (H-Mor) and Na-Beta nanozeolites are
purchased from Su¨d Chemie AG, Mu¨nchen, Germany. H-
Beta was prepared from Na-Beta by ion exchange as discussed
in our previous work [30]. H-Mor and H-Beta nanozeolites
were physically mixed under the effect of ultrasonic wave’s
energy (the ultrasonic processor model is UP 2005, Hielscher
Co., amplitude = 60%, cycle = 1 and 50 Hz) with two differ-
ent ratios (80/20 and 20/80 weight% from H-Mor/H-Beta) in a
solution mixture of deionized water and ethanol (supplied by
BDH Co.) [3,4,27]. Ultrasonication time was selected as
20 min, to be in harmony with our previous work [30]. The
solid suspended mixtures were centrifuged, dried at 110 Cfor 3 h, and then calcined at 500 C for 3 h. The samples
80/20 and 20/80 weight% from H-Mor/H-Beta are denoted
in the present work as M80 and B80, respectively.
2.1.2. Chemical modiﬁcation with aluminum oxide
The chemical modiﬁcation of parent nanozeolites was carried
out by wet impregnation of 3.5 g H-Mor or H-Beta in aqueous
solution of aluminum nitrate (0.644 g Al(NO3)3. 9H2O dis-
solved in 15 ml of deionized water). The resulting material
was stirred and heated at about 60 C until a paste was
formed. The paste was then left at room temperature for sev-
eral days before drying. Ultimately, it was dried at 110 C
for 3 h, then calcined at 500 C for 3 h in a stream of air
[15,16,31–34]. After calcinations, Al2O3/H-zeolite concentra-
tion in weight% will be 2.5%. The resulting samples were
denoted as Al2O3(H-Mor) and Al2O3(H-Beta).
2.1.3. Catalyst characterization techniques
All zeolite samples and their modiﬁed forms were character-
ized by various techniques. XRD-analysis was performed
using Bruker axis-D8 Advance CuKa target with secondary
monochromator. Chemical structural features of all solids
were revealed through FT-IR measurements using Nicolet
IS-10 FT-IR over the wave number 4000–400 cm1.
Transmission electron microscopy (TEM) was performed on
JEOL 2100. Scanning electron microscopy (SEM) images were
taken using a JEOL JSM-5300 instrument working at 30 kV.
Acidity measurements were carried out through temperature
programed desorption of ammonia (NH3-TPD), with a con-
ventional ﬂow apparatus equipped with a thermal conductivity
detector (TCD). A given amount of the sample, 0.1 g was pre-
treated in ﬂowing helium (50 ml/min) at 500 C (5 C/min) for
2 h, cooled to 100 C, and ﬁnally injected with NH3
(20 mL/min) for 1 h. The samples adsorbed by NH3 were sub-
sequently purged with He at the same temperature for 1 h, for
the removal of physisorbed NH3. The TPD measurements
were conducted in ﬂowing He (50 mL/min) at a temperature
range of 100 to 900 C at a heating rate of 5 C/min.
2.2. Catalytic dehydration of methanol to dimethyl ether
Methanol dehydration to DME was examined in a conven-
tional ﬂow type reactor [35] at a reaction temperature range
of 100–250 C using LHSVs of 8, 4 and 2.66 ml g1 h1 i.e.,
contact times of 15, 30 and 45 min, respectively (catalyst
weight is 2.5 g). The reaction products were analyzed using a
gas liquid chromatograph (Hewlett Packard-5890) equipped
with ﬂame ionization detector and connected to a Carbowax
packed column.
3. Results and discussion
3.1. Catalyst characterization
3.1.1. X-ray diffraction analysis (XRD)
Fig. 1(a) shows the XRD patterns of parent H-Beta and its
modiﬁed samples B80 and Al2O3(H-Beta). The three patterns
show high crystallinity of parent and modiﬁed samples similar
to H-Beta as previously reported [36,37]. The intensity of all
peaks, and thus H-Beta crystallinity are largely decreased after
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Figure 1 XRD analysis of (a) parent H-Mor, M80 and Al2O3(H-
Mor) and (b) parent H-Beta, B80 and Al2O3(H-Beta).
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crystallite sizes which evaluated and computed applying
Scherer’s equation. The crystallite size for parent H-
Beta = 45.7 nm, decreased to 37.51 nm in B80 and to
41.28 nm in Al2O3(H-Beta) samples. These observations are
mostly due to the effect of the mechanical stress of ultrasonic
waves in B80 sample which break-up zeolite crystals, and due
to the dispersion and interaction of Al2O3 within Al2O3(H-
Beta) sample. The d-spacing values for the most intense beak
obtained for H-Beta, B80 and Al2O3(H-Beta) samples are
amounted to 3.96 A˚ (2-theta = 22.44), 4.00 A˚ (2-
theta = 22.21) and 3.95 A˚ (2-theta = 22.49), respectively;
showing a slight increase in the unit cell dimension of H-
Beta in B80 but a slight decrease in the case of Al2O3(H-
Beta). Also, the pattern of B80 mixture had no characteristic
peaks of H-Mor, the two characteristic peaks for H-Beta
which appear at 2-theta of 7.43 and 22.21 show higher
intensity relative to those of the parent. A small peak which
appears at 14.54 by the parent H-Beta disappears when mod-
iﬁed to B80. All these observations and in addition to those
revealed by our previous work [30] indicate that H-Mor
crystals may have disintegrated to very ﬁne crystals at the
beginning of ultrasonication time (before 20 min), and then
interact with the surface of H-Beta crystals forming larger
particles nanocomposite. At longer period of ultrasonication,
H-Beta crystals showed tendency to re-agglomerate, as
evidenced by the crystallite size increase and H-Mor peaks’disappearance [30]. With regard to Al2O3(H-Beta), no charac-
teristic peaks of aluminum oxide are detected in the XRD pat-
tern of this sample, which may indicate a good dispersion of
ﬁne Al2O3 particles on the surface of H-Beta crystals [33].
Fig. 1(b) shows the XRD patterns of parent H-Mor, its
modiﬁed samples M80 and Al2O3(H-Mor). The ﬁgure illus-
trates that M80 and Al2O3(H-Mor) have the same characteris-
tic peaks of their parent H-Mor, but with lower intensity and
hence an indicative lower crystallinity.
It is worth noting that, unlike B80 mixture, the XRD pat-
tern of M80 acquires the characteristic peak of the minor H-
Beta nano-zeolite (20% w/w in the mixture) which appears
at 2-theta of 7.39. This observation indicates that H-Beta
which break-up due to the mechanical stress of sonication to
ﬁne crystals may be re-agglomerated. [30]. All parent H-Mor
peaks (9.67, 19.60 and 25.68) are shifted to lower 2-theta
values for M80 sample (9.24, 19.27 and 25.36, respectively)
indicating an increase in the d-spacing values and thus, an
increase in the unit cell volume for H-Mor crystals when in
M80 mixture, with computed crystallite sizes at 41.4 and
45.84 nm for H-Mor and M80 nanocomposite, respectively.
In general, all the above mentioned observations conﬁrm that
the two nanozeolites are strongly interacted together.
Al2O3(H-Mor) sample was found similar to Al2O3(H-Beta)
sample where Al2O3 show a good dispersion on the surface of
H-Mor crystals [33], due to the disappearance of the character-
istic XRD pattern of Al2O3(H-Mor). The crystallite size and
the d-spacing (2-theta) values are: 41.54 nm, 3.47 A˚
(2h= 25.68) for H-Mor, and 41.10 nm, 3.45 A˚ (2-
theta = 25.79) for Al2O3(H-Mor) respectively. This indicates
that the crystal size and the unit cells’ dimensions of H-Mor
nano-zeolite are slightly decreased by this modiﬁcation [38].
According to these results, in addition to previously
reported results [30], it is concluded that nano-zeolites in their
mixtures are passing through two stages when subjected to
ultrasonic wave’s energy for 20 min. The ﬁrst state is the
break-up into ﬁne crystals; the second one is the re-
agglomeration process. H-Mor is fragmented faster than H-
Beta, so it is dispersed between H-Beta crystals and thus disap-
peared in the XRD pattern of B80. On the other hand, H-Beta
is re-agglomerated faster than H-Mor, so H-Beta has a charac-
teristic peak in XRD pattern of M80 sample.
3.1.2. FT-IR spectroscopic analysis
Fig. 2(a) illustrates the FT-IR absorption bands of parent H-
Beta, B80, and Al2O3(H-Beta) samples. The characteristic
bands of H-Beta framework occupy a frequency range from
400 to 800 cm1 that suffer some changes demonstrating sig-
niﬁcant changes in the crystal framework structure mostly
due to the interaction between the different functional groups
on the external surface of the two nano-zeolite crystals in B80
and due to the interaction of H-Beta with alumina in Al2O3(H-
Beta) sample. For example, the characteristic bands of H-Beta
framework at 524.21, 572.55, 618.35 and 793.48 cm1 suffer
shift to lower frequency at 520.13, 569.69, 615.02 and
799.14 cm1 with lower intensity for B80 sample [39,40]. The
band which appears at 466.2 cm1 in parent H-Beta was
shifted to 462.56 cm1 in B80 sample which indicates a
decrease in the pore opening of H-Beta crystals in this mixture,
mostly due to the effect of ultrasonic waves and as reported
[30,41]. The intensity of the terminal silanol (Si–OH) groups
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Figure 2 FT-IR spectroscopic analysis of: (a) parent H-Beta,
Al2O3(H-Beta) and B80 and (b) parent H-Mor, Al2O3(H-Mor)
and M80.
292 S.M. Solyman et al.of the parent H-Beta that appear at 950–900 cm1 decreased in
B80 spectra and disappeared in the case of the Al2O3(H-Beta)
spectra [42]. These results conﬁrm the phenomenon of good
dispersion of H-Mor (in B80) and alumina ﬁne crystals (in
Al2O3(H-Beta)), and their interaction with the terminal silanol
groups of H-Beta clusters. The large and broad peak observed
at 1092.02 cm1 in the parent H-Mor and at 1093.96 cm1 in
the parent H-Beta nanozeolites (sensitive to Si/Al ratio) shifted
to lower wavenumber 1091.33 cm1 and 1085.75 cm1 com-
pared to those of B80 and Al2O3(H-Beta) samples, respec-
tively. These observations are mostly due to the isolation of
silanol groups due to the effect of the mechanical stress of
ultrasonic waves in B80 sample [30] and due to the decrease
in Si/Al ratio that resulted from supported alumina in the
Al2O3(H-Beta) sample [39,41,43]. This band also becomes
more intense in the spectra of B80 and Al2O3(H-Beta) samples
indicating the enlargement of particle size [44,45]. Moreover,
the spectra of Al2O3(H-Beta) show that the three broad bands,
in the range 3000–3700 cm1 become more intensiﬁed than
those obtained for the parent H-Beta, which conﬁrms the
interaction of alumina with H-Beta nanozeolite crystals.
The FT-IR absorption bands of parent H-Mor, M80, and
Al2O3(H-Mor) samples are shown in Fig. 2(b). The character-
istic peaks of parent H-Mor framework in the range of 400–
900 cm1 are nearly the same after modiﬁcations. A new peak,
however, appears at 881.05 cm1 for M80 which may be due to
more consequences of terminal silanol groups of H-Beta crys-
tals that mostly shifted due to their interaction with H-Mor
crystals or due to some changes in the zeolitic framework
structure of H-Mor crystals. Such elucidation could come inagreement with the TEM, Fig. 3(a) micrographs of this sam-
ple which show the appearance of many small square shaped
clusters of H-Beta, interacted with H-Mor ﬁne crystals. Such
observation is also found in accordance with the XRD pattern
of M80 which indicates the presence of a characteristic band of
H-Beta, Fig. 1(b). The FT-IR band that appears at
461.75 cm1 in the parent H-Mor is shifted to 460 cm1 in
M80 and Al2O3(H-Mor) samples, indicating a decrease in the
pore opening most probably due to the effect of ultrasonic
waves in M80 as well as to the dispersion and the interaction
of alumina into the surface of H-Mor crystals in Al2O3(H-
Mor) sample [41,30]. The large and broad peaks at 1092.02
and 1093.96 cm1 for the parents H-Mor and H-Beta nanoze-
olites, respectively are shifted to lower wavenumbers 1086.14
and 1084.14 cm1 in the spectra of M80 and Al2O3(H-Mor)
samples, respectively [32,41,43]. This could be due to the isola-
tion of silanol groups in sample M80 (such as B80) and to the
increase in the alumina content in Al2O3(H-Mor) sample [30].
Unlike B80, the intensity of this peak decreased indicating a
decrease in the particle size of H-Mor in M80 sample [39,44].
Such conclusion conﬁrms the XRD results which suggest that
H-Mor particles are disintegrated and dispersed on the surface
and between the parallel H-Beta square shaped clusters, as
shown in Fig. 3(a). Also, the intensity of this peak which is
shifted to 1084.14 cm1 in Al2O3(H-Mor) spectra is signiﬁ-
cantly increased, indicating the enlargement of particle size.
One broad peak appeared in 3200–3600 cm1 region in M80
sample instead of three broad bands in the spectra of the par-
ent H-Mor, indicating the interaction between the two nanoze-
olites through strong hydrogen bonds with –OH of silanol
groups, hence corresponds essentially to internal SiOH defect
groups [46,47]. Also, Yang and Qinhua, 1997 [43,48] assigned
these bands to OH groups connected to aluminum i.e., bridg-
ing OH, nonframework AlOH, and the AlOH associated with
the transient states in which the aluminum is leaving the frame-
work. All these studies in addition to SEM and TEM micro-
graphs of Al2O3(H-Mor) sample may conﬁrm the presence of
alumina that is dispersed and interacted with the external
and the internal silanol groups.3.1.3. Transmission electron microscopy (TEM)
Fig. 3(a) illustrates two TEM micrographs for the M80
nanocomposite sample. The left side image represents the
effect of interaction between the two parent nanozeolites due
to mechanical stress of ultrasonic waves. First, the nanozeolite
clusters are disintegrated into ﬁne particles and the region,
which was pointed by arrow (a), shows H-Mor ﬁne particles.
It is similar to that appeared when parent H-Mor was ultra-
sonicated alone for 20 min [30]. The square shaped clusters
whose size ranged between 80 and 120 nm are resulted from
the reordered H-Beta crystals, pointed by arrow (b), similar
to that appeared in ultrasonicated H-Beta alone for 20 min
[30]. The region which was pointed by arrow (c) in the left
micrograph, and also appearing in the right micrograph
implies the presence of a nanocomposite which is mostly pro-
duced from the interaction of the two zeolites, since the paral-
lel square shaped H-Beta clusters may have interacted and
intertwined together through H-Mor ﬁne particles. This is con-
ﬁrmed by a similar behavior that is appeared in the TEM
micrographs of B80 Fig. 3(b). H-Beta zeolite has been reor-
dered as parallel square shaped clusters with regular size
(a)
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B80B80
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Figure 3 TEM micrographs of: (a) physically modiﬁed H-Mor (M80), (b) physically modiﬁed H-Beta (B80) and (c) chemically modiﬁed
nano-zeolites, Al2O3(H-Mor) and Al2O3(H-Beta).
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mostly from H-Mor with an average size 6.47 nm in diame-
ter. It is concluded from the TEM micrographs of nanocom-
posite zeolite samples that many square shaped clusters of
H-Beta nano-zeolite appear in both nanocomposites, i.e.
independent of H-Beta weight percent in the mixture. This
conﬁrms the breaking-up of the large particles of zeolites into
ﬁne crystals, followed by the dispersion and interaction
between H-Beta and H-Mor ﬁne crystals on the external sur-
face of H-Beta square shaped clusters. This interaction mostly
controls the enlargement and regulation of H-Beta clusters, so
they appear as many, small and parallel square shaped
clusters.
Fig. 3(c) shows the TEM micrographs of nano-zeolites
modiﬁed with alumina. The left micrograph of Al2O3
(H-Mor) indicates that alumina may be dispersed on the exter-
nal surface of H-Mor zeolite crystals which mostly helped their
re-agglomeration into regular shapes, interacted with each
other in new morphology like ﬁngers. On the other hand, the
right micrograph of Al2O3(H-Beta) shows that alumina may
be dispersed and dis-agglomerated H-Beta crystals.
3.1.4. Scanning electron microscopy (SEM)
The SEM images of B80 and M80 nanocomposite samples are
represented in Fig. 4(a), showing different morphology thanthose for their parents [30]. The particles show regular leg spi-
ral shape larger in B80 relative to M80 sample. These mor-
phologies are in accordance with the TEM micrographs and
conﬁrm the interaction between H-Beta and H-Mor crystals
resulting in a new nanocomposite. The SEM images of
Al2O3(H-Beta) and Al2O3(H-Mor) samples are shown in
Fig. 4(b), showing different morphologies when compared to
their parents [30]. Impregnation of aluminum nitrate with each
nano-zeolite may have produced good dispersion and interac-
tion of aluminum nitrate into nano-zeolite crystals. Upon cal-
cination, the produced aluminum oxide interacts with both
nano-zeolites leading to the co-agglomerate Al2O3(H-Beta)
crystals as small and homogeneous spiral legs whereas co-
agglomerate Al2O3(H-Mor) crystals as interacted and larger
spiral legs, but with different morphology.
3.1.5. Acidity of different zeolite samples
The TPD of NH3 for all modiﬁed samples B80, M80, Al2O3(H-
Mor) and Al2O3(H-Beta) indicates that there are three NH3
desorption peaks in each case corresponding to weak, moder-
ate and strong acid sites [33,49,50]. For the nanocomposite
B80 sample, these peaks cover the temperature ranges of
100–300 C, 300–600 C and 600–800 C, but for the
composite M80 sample these peaks cover the ranges
100–300 C, 300–650 C and 650–900 C. For Al2O3(H-Mor)
(a)
Al2O3(H-Beta)
Al2O3(H-Mor)M80
B80
(b)
Figure 4 SEM micrographs of (a) physically modiﬁed zeolite samples, B80 and M80 and (b) chemically modiﬁed zeolite samples,
Al2O3(H-Beta) and Al2O3(H-Mor).
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294 S.M. Solyman et al.sample, these peaks cover the temperature ranges of 100–
300 C, 300–650 C and 650–750 C, but for the Al2O3(H-
Beta) sample these peaks cover the ranges 100–300 C, 300–
550 C and 550–750 C. The quantitative estimation of these
acid sites and their strength distribution for parent nanozeo-
lites and modiﬁed samples are shown in Table 1 which indicate
that H-Beta and H-Mor crystals prefer the interaction together
or with alumina through their terminal silanol groups, which
result in a decrease in the amount of the moderate and strong
acid sites in M80, Al2O3(H-Mor) and Al2O3(H-Beta) samples.
This effect is more pronounced in the case of Al2O3(H-Beta)
because the Si/Al ratio of its parent nanozeolite (17) is higher
than that of H-Mor (12). On the other hand, the amount of the
weak acid sites is increased, which may result from creation of
bridged silanol groups or nonframework AlOH (of supported
alumina) in these samples. The amount of the total acid sites
decreases in M80 and Al2O3(H-Mor), but increases in B80
and Al2O3(H-Beta). B80 sample acidity shows a decrease in
the weak and strong acid sites and an increase in the moderate
one, which means a different behavior relative to other modi-
ﬁed samples. These observations coincide with FT-IR results
which indicate that H-Beta and H-Mor may prefer the interac-
tion with each other or with alumina through their strong and
moderate acid sites.
3.2. Methanol dehydration to dimethyl ether
The performance of modiﬁed nanozeolites is studied during the
catalytic dehydration of methanol to DME results of which are
illustrated in Figs. 5–8. The results indicate the conversion
(conv.%) of methanol dehydration and the yield% of DME
produced using B80, M80, Al2O3(H-Beta) and Al2O3(H-Mor)samples, respectively at reaction temperatures ranging from
100 to 250 C and different contact times (15, 30 and 45 min).
3.2.1. Dehydration of methanol over nanocomposite zeolite
samples
Figs. 5 and 6 depict the conversion% of methanol and the
yield% of DME using B80 and M80 samples, respectively.
The two ﬁgures indicate maximum selectivity at 100% to
DME as the conv.% and the yield% curves are identical at
all reaction temperatures up to 200 C for each contact time.
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Figure 6 The effect of reaction temperature on the conversion%
(conv.%) of methanol and the yield% of DME using M80
nanocomposite at different contact times.
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Figure 7 The effect of reaction temperature on the conversion%
(conv.%) of methanol and the yield% of DME using Al2O3(H-
Beta) at different contact times.
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Figure 8 The effect of reaction temperature on the conversion%
(conv.%) of methanol and the yield% of DME using Al2O3(H-
Mor) at different contact times.
Effect of physical and chemical treatment on nano-zeolite characterization 295Their catalytic activity slowly increased with increasing contact
time (15, 30 and 45 min) and as the temperature is increased up
to 150 C, and then sharply increases with increasing tempera-
ture up to 200 C. The optimum reaction temperature is 200 C
that presents 100% conversion of methanol and 100% selectiv-
ity to DME at all contact times. Long contact time of 45 min
allows oleﬁn formation at 225 C. There are minor differences
between the performance of B80 and M80 for example: the
yield% at 175 C and at a contact time of 15 min using B80
is 61.5%, but using M80 is 72%. This may be due to the lower
acidity of B80 relative to M80. Generally, although the two
samples B80 and M80 have different values of acidity
(Table 1), they have nearly the same performance which is sim-
ilar for parent H-Beta published in previous work, [30]. The
catalytic activity increased with a longer contact time at each
reaction temperature, mostly due to the interaction between
H-Beta and H-Mor in parallel square shaped cluster,
Fig. 3(A and B) and their agglomeration as regular leg spirals,
Fig. 4(A) which results in a difﬁcult reaching of methanol
molecules to the active sites. It can be concluded that not only
the acidic properties affect the performance of B80 and M80
samples in methanol dehydration reaction and their selectivity
to DME, but also their new morphology which resulted from
the effect of the mechanical stress and the energy of ultrasonic
waves and the role of H-Beta.Table 1 Results of NH3-TPD analysis of parent H-Mor and
its modiﬁed samples M80 and Al2O3(H-Mor) and parent H-
Beta and its modiﬁed samples B80 and Al2O3(H-Beta).
Parent zeolites and modiﬁed
samples
Acidity (mmol NH3/g cat.)
Weak Moderate Strong Total
H-Mor 0.420 0.628 0.270 1.418
M80 0.442 0.436 0.261 1.139
Al2O3(H-Mor) 0.541 0.597 0.143 1.281
H-Beta 0.418 0.204 0.158 0.780
B80 0.413 0.230 0.139 0.782
Al2O3(H-Beta) 0.749 0.073 0.078 0.9003.2.2. Dehydration of methanol over alumina-modiﬁed
nanozeolites
Figs. 7 and 8 represent the results of the conversion% of
methanol and the yield% of DME at different temperatures
and different contact times using Al2O3(H-Beta) and
Al2O3(H-Mor), respectively. The two ﬁgures show complete
selectivity for DME under all reaction conditions up to
225 C, as the optimum temperature for both samples.
Al2O3(H-Mor) exhibit better catalytic activity (higher conv.%
and yield%) relative to Al2O3(H-Beta) under all reaction con-
ditions up to 225 C, but deactivate at 250 C. For example, at
200 C and 15 min contact time, Al2O3(H-Mor) gives high
conv. and yield% of 87.2%, but Al2O3(H-Beta) show lower
conv. and yield% of 71.8%. On the other hand at 250 C
and 15 min contact time, a conv. and yield% of 82.1% and
296 S.M. Solyman et al.52.4%, respectively as the result of Al2O3(H-Mor), whereas a
conv. and yield% of 100% result by Al2O3(H-Beta). This
may be due to the higher moderate and strong acid sites and
the lower weak acid sites of Al2O3(H-Mor), see Table 1. So,
Al2O3(H-Beta) has a higher catalytic stability at 250 C relative
to Al2O3(H-Mor).
4. Conclusion
Catalytic dehydration of methanol to dimethyl ether (DME)
was investigated using ultrasonic waves as the physical mixing
technique and impregnation by aluminum nitrate precursor
followed by calcination as the chemical modiﬁer for H-
Mordenite and H-Beta zeolites. According to the results of cat-
alysts characterization and their catalytic activities during
methanol dehydration to DME at different reaction tempera-
tures and contact times, the following conclusions are drawn:
(1) The mixtures of parent zeolites are passing through two
stages when subjected to ultrasonic wave’s energy for
20 min. The ﬁrst is the break-up into ﬁne crystals; the
second is the re-agglomeration process. H-Mor
broke-up faster than H-Beta and also H-Beta re-
agglomerated faster than H-Mor. So, H-Mor ﬁne crys-
tals dispersed and interacted with H-Beta and controlled
its enlargement and regulation as parallel, small and
square shaped cluster. The mechanical stress and the
energy of ultrasonic waves and the nature of H-Beta
play an important role during the physical mixing pro-
ducing new nanocomposites, B80 and M80.
(2) The interaction of parent nano-zeolites with each other
(in B80 and M80) or with alumina [in Al2O3(H-Beta)
and Al2O3(H-Mor)] is mostly carried out via their termi-
nal silanol groups.
(3) Different modiﬁcations result in a decrease in the Si/Al
ratio, a decrease in the pore opening, a change in unit
cell volume and the particle and crystal sizes.
(4) TEM results indicate that alumina may have dispersed
and interacted on the external surface of both
parent nano-zeolites which mostly helped the re-
agglomeration of H-Mor crystals into regular shapes
interacted with each other in new morphology like ﬁn-
gers in Al2O3(H-Mor), but dis-agglomerated H-Beta
crystals in Al2O3(H-Beta). Good interaction is also
revealed within B80 and M80 that depend on the effect
of ultrasonication and H-Beta nature; so the parallel,
small and square shaped clusters appeared in both
nanocomposites and independent on the weight% of
HBeta in the two mixtures.
(5) SEM images illustrate co-agglomerated Al2O3(H-Beta)
crystals appearing as small and homogeneous spiral legs
whereas co-agglomerated Al2O3(H-Mor) crystals appear
as larger spiral legs with different morphology.
(6) SEM of B80 and M80 showed nearly the same morphol-
ogy having regular leg spiral shape larger in B80 relative
to M80 sample.
(7) Acidity of H-Mor, H-Beta, and their modiﬁed samples
conﬁrmed that H-Beta and H-Mor crystals prefer the
interaction together and with alumina through their
terminal silanol groups which resulted in a change in
their acidity.(8) Methanol dehydration reaction to DME indicated that
the acidic properties not only affected the performance
of B80 and M80 samples but also their new morpholo-
gies. On the other hand, the amount of moderate and
strong acid sites may have the main effect on the cat-
alytic activity and the selectivity to DME using
Al2O3(H-Beta) and Al2O3(H-Mor). The optimum reac-
tion temperatures are 200 and 225 C which gave
100% conversion of methanol and 100% DME at all
contact times using physically and chemically modiﬁed
nano-zeolites, respectively. Al2O3(H-Mor) has better
catalytic activity (higher conv.% and yield%) relative
to Al2O3(H-Beta) under all reaction conditions up to
225 C. Al2O3(H-Beta) has a higher catalytic stability
at 250 C relative to Al2O3(H-Mor).
Conclusively, the preparation of dehydration catalysts,
such as prepared, must be carefully designed to amplify their
functions through careful adjustment of method and condi-
tions so as to elevate their catalytic activity for renovated
sources of energy based upon the two main factors of higher
selectivity and economic approaches as dealt with in the pre-
sent work.
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